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To promote the development of ionic liquid (IL) immobilized sorbents and supported IL membranes (SILMs) for CO2

separation, the kinetics of CO2 absorption/desorption in IL immobilized sorbents was studied using a novel method
based on nonequilibrium thermodynamics. It shows that the apparent chemical-potential-based mass-transfer coefficients
of CO2 were in three regions with three-order difference in magnitude for the IL-film thicknesses in microscale, 100
nm-scale, and 10 nm-scale. Using a diffusion-reaction theory, it is found that by tailoring the IL-film thickness from
microscale to nanoscale, the process was altered from diffusion-control to reaction-control, revealing the inherent mech-
anism for the dramatic rate enhancement. The extension to SILMs shows that the significant improvement of CO2 flux can
be obtained theoretically for the membranes with nanoscale IL-films, which makes it feasible to implement CO2 separation
by ILs with low investment cost. VC 2015 American Institute of Chemical Engineers AIChE J, 61: 4437–4444, 2015
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Introduction

Postcombustion CO2 capture is an urgent and world-wide

hot topic in both academic and industrial fields. A cost-

effective CO2 separation technology is crucial to make carbon

capture and storage feasible to mitigate CO2 emissions mainly

from fossil-fuelled power plants. Ionic liquids (ILs)1,2 have

been proposed as promising solvents to conduct postcombus-

tion CO2 capture.3 However, two crucial problems are still

pending to industrialize IL-based technology in CO2 separa-

tion, one is the low gas-liquid mass-transfer rate of CO2 in

ILs, the other is the high cost of ILs.4

IL immobilization into porous solid supports5–9 and supported

IL membranes (SILMs)10–14 can significantly enhance the mass-

transfer rate of CO2 in ILs and reduce the amount of ILs needed

for CO2 separation.15 However, for the IL immobilization, the

available research work was focused on the experimental studies

with a major purpose to obtain a high CO2 absorption capacity

along with the investigation of the effects of IL loadings and

operational conditions (e.g., temperature).5–9,16,17 Theoretical

studies were on the correlation using classical kinetic and ther-

modynamic models9,16 without any mechanism study, and how

the IL-film thickness affects the mass-transfer rate cannot be

revealed using such empirical methods. In addition, for SILMs,

the reported low CO2 permeability for the microscale membrane

cannot meet the requirements of industrial applications.18,19

Meanwhile, SILMs generally can only be operated at low trans-

membrane pressures to avoid blowing ILs out of the pores in the

support,20 thus, a lot of research work has been conducted to

enhance the membrane stability to achieve higher CO2 perme-

ability by operating the membrane process at relatively high

pressures. Although the decrease of membrane thickness can

lead to a high CO2 mass-transfer rate or flux, the CO2 permeabil-

ity for a membrane with IL-film thickness down to nanoscale

has not yet been studied. Therefore, further work needs to be

carried out both experimentally and theoretically.
The objective of our work was to study the effect of IL-film

thickness on the performance of CO2 absorption/desorption in

IL immobilized sorbents experimentally and theoretically. In the

first part of this work,21 the effect of IL-film thickness on CO2

absorption/desorption processes with two IL impregnated tita-

nium dioxide (P25) supported sorbents was studied experimen-

tally. Using these experimental results and those from the

literarure,8 in this part, the kinetics of CO2 absorption/desorption

in IL immobilized sorbents was studied based on nonequilibrium

thermodynamics, and the effect of IL-film thickness on the CO2

mass-transfer rate was explored quantitatively. The mechanism

behind was revealed using the diffusion-reaction theory. Based
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on the analogue of CO2 absorption/desorption in IL immobilized
sorbents, the SILM process was further analyzed to seek for
promising solutions solving the two pending crucial problems in
CO2 separation with IL-based technologies.

Theory

CO2 absorption/desorption rate

The CO2 absorption/desorption rate was described using Eq. 1

JCO2
5

dmCO2;t

dt
(1)

where JCO2
is the absorption/desorption rate of CO2 in P25-IL in

mol CO2/(mol IL min), lCO2;t is the amount of absorbed/desorbed

CO2 in P25-IL in mol CO2/mol IL, and t is the time in min.

Chemical-potential-based mass-transfer coefficient kl

Nonequilibrium thermodynamics can be used to study the

entropy generated by an irreversible process.22,23 When the

system is close to equilibrium, the linear relationship can be

obtained between the flux and the driving force, which is

termed as linear nonequilibrium thermodynamics.24,25 The

process of CO2 absorption/desorption in IL-film studied in this

work can be considered as a process which is close to equilib-

rium.26 Based on linear nonequilibrium thermodynamics and

using the chemical potential gradient (DlCO2
) instead of the

concentration gradient as the driving force, we have25,26

JCO2
5kl �

DlCO2

RT
(2a)

DlCO2

RT
5

lCO2;e

RT
2

lCO2;t

RT
(2b)

Combing Eqs. 2a and b, we have

JCO2
5kl � ð

lCO2;e

RT
2

lCO2;t

RT
Þ (2)

where kl is the apparent chemical-potential-based mass-trans-

fer coefficient of a CO2 absorption/desorption process, lCO2;e

and lCO2;t are the chemical potentials of CO2 in IL at equilib-

rium and at time t, respectively, DlCO2
is the chemical poten-

tial gradient, R is the gas constant, and T is the temperature in

Kelvin. It is worth noting that the parameter kl has a certain

physical meaning, not just a regression parameter.
The chemical potential of CO2 in IL can be calculated

according to Eq. 3a.

lCO2
ðT; pÞ5lH

CO2
ðT; pÞ1RTln aCO2

(3a)

where lH
CO2
ðT; pÞ is the standard chemical potential, p is the

partial pressure of CO2, and aCO2
is the activity of CO2 in IL.

In this work, it was assumed that the nonideal behavior of

CO2 in IL can be neglected due to the low CO2 solubility.27 Fol-

lowing this assumption, the activity coefficient of CO2 in an IL

equals to one, and the activity of CO2 in the IL equals to the cor-

responding concentration, that is, cCO2
5 1, aCO2

5 xCO2
. There-

fore, Eq. 3a can be simplified as

lCO2
ðT; pÞ5lH

CO2
ðT; pÞ1RTln xCO2

(3b)

Based on Eqs. 2a, 2b and 3b, we have

DlCO2

RT
5

lCO2;e

RT
2

lCO2;t

RT
5

1

RT
� ðRTln xCO2;e2RTln xCO2;tÞ

5ln ðxCO2;e=xCO2;tÞ (4a)

JCO2
5kl � ln ðxCO2;e=xCO2;tÞ (4b)

Based on Eqs. 1 and 4b, we have

kl5
dmCO2;t=dt

ln ðxCO2;e=xCO2;tÞ
(4)

Diffusion-reaction theory

According to our previous work,25,26,28–30 the CO2 absorp-
tion/desorption process in IL was assumed to comprise two
steps: surface-reaction and diffusion as described in Figure 1. In
the surface-reaction layer, IL in sorbents contacts CO2 in the
vapor phase, CO2 chemically or physically dissolves into IL. In
the diffusion layer, the dissolved CO2 is transported away from
the interface through the surround liquids. The chemical poten-
tial of CO2 in the gas phase equals to that in the liquid phase at
equilibrium. Assuming that the average amount of absorbed
CO2 in IL (xCO2 ,b) was a boundary condition for the diffusion
layer as shown in Figure 1 and considering that the nonideal
behavior of CO2 in IL was negligible,27 the concentration of
CO2 in IL can be described as those shown in Figure 1, where
xCO2;e, xCO2;i, and xCO2;b represent the concentrations of CO2 at
equilibrium, in the interface and on the boundary of the diffusion
layer. The overall resistance (1/kl) of the process can be consid-
ered as the summation of the resistances from the reaction layer
and diffusion layer as described in Eq. 5, in which kl,s is the
surface-reaction chemical-potential-based mass-transfer coeffi-
cient and kl,d is the diffusion chemical-potential-based mass-
transfer coefficient. The diffusion chemical-potential-based
mass-transfer coefficient kl,d is related to the thickness of diffu-
sion layer (h), that is, the IL-film thickness.

1

kl
5

1

kl;s
1

1

kl;d
(5)

Results and Discussion

Apparent chemical-potential-based mass-transfer
coefficient kl

The experimental results of CO2 absorption/desorption in
P25-ILs in the first part of this work21 and those from Ref. 8
were used to study the kinetics of CO2 mass transfer in immo-
bilized IL sorbents. In Ref. 8, the CO2 absorption in PMMA-
[EMIM][Arg] was measured at 408C, and the IL loadings were
20 wt %, 40 wt %, 60 wt %, and 100 wt %, respectively. The
experimental conditions are summarized in Table 1.

Figure 1. Schematic diagram of CO2 absorption/
desorption process in ILs.

4438 DOI 10.1002/aic Published on behalf of the AIChE December 2015 Vol. 61, No. 12 AIChE Journal



The experimental results of the absorbed/desorbed CO2 in
the immobilized IL sorbents were fitted to the following
equation31

mCO2;t5AtB1Cð12e2DtÞ (6)

where A, B, C, and D are constants in fitting.
Based on the amount of CO2 absorbed/desorbed in the

immobilized IL sorbents calculated with Eq. 6, the average
amount of CO2 absorbed/desorbed in the loaded IL was calcu-
lated and defined as the mole fraction of CO2 at time t (xCO2;t,
xCO2;t 5 xCO2;b) in the IL. The equilibrium solubility of CO2 in
the corresponding ILs at the corresponding temperatures
(xCO2;e) was calculated based on data from Refs. 8, 32, and 33.
The calculation results of xCO2;e are summarized in Table 2.

Substituting Eq. 6 to Eq. 1, the CO2 absorption/desorption
rate can be calculated as

JCO2
5dmCO2;t=dt5A � BtB211C � De2Dt (7)

Using Eq. 7, JCO2
(or dmCO2;t/dt) was calculated. The ratio

of dmCO2;t/dt to ln(xCO2;e/xCO2;t) was further calculated and
illustrated in Figure 2. Except some cases in Figure 2e, all the
curves are almost presented as linear lines, which imply that
the slope of each curve is a constant. The nonlinear curves in
Figure 2e can be attributed to the low temperature for the CO2

desorption from P25-[BMIm]Ac. More discussion was given
later.

Based on the analysis of linear nonequilibrium thermody-
namics and the expression in Eq. 4, we can see that the slope
is the apparent chemical-potential-based mass-transfer coeffi-
cient (kl). The obtained kl at each IL loading for different
immobilized IL sorbents are listed in Tables 3–5.

For the CO2 absorption in P25-[APMIm]Br with different
IL loadings (i.e., different thickness of IL-films), the apparent
chemical-potential-based mass-transfer coefficients (kl) pres-
ent in three regions as shown in Figure 2a and listed in Table
3. For the thick IL-films (Region 3), the values of kl are very
small, around 1024. For the medium thickness of IL-films
(Region 2), the values of kl increase 100 times. When the
thickness of IL-film further decreases (Region 1), the value of
kl increases 10 times more compared to the medium thickness,
and it is 1000 times higher compared to the thick IL-films. For
the CO2 absorption in P25-[BMIm]Ac and PMMA-[EMI-

M][Arg] with different IL loadings (i.e., different thicknesses

of IL-films), the apparent chemical-potential-based mass-

transfer coefficients (kl) also present in three regions, as

shown in Figures 2b–2c and listed in Tables 4 and 5.
For the CO2 desorption in P25-[APMIm]Br with different

IL loadings (i.e., different thicknesses of IL-films), the appa-

rent chemical-potential-based mass-transfer coefficients (kl)

also distribute in three regions as shown in Figure 2d and

listed in Table 3. For the thick IL-films (Region 3), the values

of kl are very small, around 1024 to 1023. For the medium

thickness of IL-films (Region 2), the values of kl increase

about 100 times. When the thickness of IL-film further

decreases (Region 1), the values of kl increase but not as

much as those in the absorption processes.
For the CO2 desorption in P25-[BMIm]Ac, when the [BMI-

m]Ac loading is less than 58.1 wt %, the apparent chemical-

potential-based mass-transfer coefficients (kl) are not so much

different as listed in Table 4, leading to two distinct regions as

shown in Figure 2e. The reason might be that the chosen tem-

perature for the CO2 desorption in P25-[BMIm]Ac was not

high enough to desorb all the absorbed CO2, thus, affecting

the kinetics. Therefore, the obtained kl for the CO2 desorption

in P25-[BMIm]Ac might not be as reliable as those in other

cases.

The effect of IL-film thickness on kl

For the IL immobilized sorbents, the IL-film thickness is an

essential parameter because it influences both the amount of

CO2 that can be absorbed in IL for a given surface area (i.e.,

the CO2 equilibrium capacity) and the CO2 mass-transfer

rate.5–9,16,17 To quantitatively study the effect of IL-film thick-

ness on kl, the IL-film thicknesses of P25-[APMIm]Br esti-

mated in the first part of this work21 are also listed in Table 3,

which clearly shows that the order of the apparent chemical-

potential-based mass-transfer coefficient (kl) corresponds to

the scale of the IL-film thickness.
The estimated film thicknesses of P25-[BMIm]Ac in the

first part of this work21 are listed in Table 4. For the CO2

absorption in P25-[BMIm]Ac, similar observation can be

obtained, that is, the order of kl is consistent with the scale of

the IL-film thickness for most of cases. For the CO2 desorption

in P25-[BMIm]Ac, it has been mentioned in the former text

that the temperature was not high enough to desorb all the

absorbed CO2, which causes the values of kl are not obviously

different for most of the cases. Anyhow, the small value of kl

for the case of 58.1 wt % IL corresponds to the thick IL-film

(2 lm).
Combining the CO2 absorption/desorption performance

with the corresponding IL-film thickness, the mechanism

behind can be revealed. Taking the CO2 absorption/desorption

in P25-[APMIm]Br as an example, if the IL-film is thicker

than microscale (Region 3), that is, the IL-film thickness is in

a level of millimeter or centimeter, the mass-transfer rate of

CO2 is very low. This can be the case that ILs are directly

used as absorbents (where the IL-film thicknesses are mostly

Table 1. Summary of the Experimental Conditions for CO2 Absorption/Desorption

Sorbent IL Loadings (wt %) Absorption/Desorption Temperature (8C) Sources

P25-[APMIm]Br 25.8, 37.2, 40.4, 44.2, 55.9, 100 35/80 Ref. 21
P25-[BMIm]Ac 10.0, 19.0, 28.5, 38.2, 58.1 50/50 Ref. 21
PMMA-[EMIM][Arg] 20, 40, 60, 100 40/ Ref. 8

Table 2. Equilibrium Solubility of CO2 in IL

IL
Temperature

(8C)

aCapacity
(mol CO2/mol

IL)

xCO2 ;e mol CO2/
(mol CO2 1 mol

IL)

[APMIm]Br 35/b80 0.50 0.33
[BMIm]Ac 50 0.256 0.204
[EMIM][Arg] 40 1.5 0.6

aData from Refs. 8, 32, and 33.
bAs almost all the absorbed CO2 in [APMIm]Br at 358C can be desorbed
under desorption condition (808C), the equilibrium solubility in desorption
used in calculation is the same as in absorption.
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in millimeter or centimeter) or the state-of-the-art SILMs

(micrometer12), and it explains why the direct use of ILs in

CO2 absorption often suffers from a low rate and is infeasible

for large-scale applications.34 The cases distributed in Regions

2 and 1 in Figure 2 represent ILs being used as sorbents by

immobilization on porous supports with microscale or

Figure 2. The dmCO2 ,t/dt vs. ln(xCO2 ,e/xCO2 ,t) for CO2 absorption/desorption in immobilized IL sorbents.

(a), (d): P25-[APMIm]Br; (b), (e): P25-[BMIm]Ac; (c): PMMA-[EMIM][Arg].

Table 3. Apparent Chemical-Potential-Based Mass-Transfer Coefficient kl for CO2 in P25-[APMIm]Br and the Corresponding

IL-Film Thickness
21

Loading (wt %) kl at 358C Absorption kl at 808C Desorption Film Thickness21 (nm) Scale of Film Thickness

25.8 0.318 4.49 3 1022 17.5 �10 nm
37.2 0.306 3.35 3 1022 25.5

.........................................................................................................................................................................................................................................................
40.4 4.18 3 1022 1.77 3 1022 54.5 �100 nm
44.2 2.24 3 1022 1.86 3 1022 63.6

.........................................................................................................................................................................................................................................................
55.9 7.86 3 1024 1.24 3 1023 1.64 3 103 �2 lm
100 3.24 3 1024 2.19 3 1024 2.50 3 106 �2 mm
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nanoscale IL-films, and the CO2 absorption/desorption was

significantly enhanced being acceptable for practical

applications.
Based on the above analysis, we can conclude that the nano-

scale IL-film is necessary to achieve an acceptable absorption/

desorption rate for practical applications. This is crucial infor-

mation for the SILM process. However, the IL-film thickness

for the state-of-the-art SILMs is still in microscale,12 and fur-

ther improvement can be achieved by decreasing the IL-film

thickness to nm-level based on the above analysis.

kl,s and kl,d

The results in the foregoing section showed that the CO2

mass-transfer rate can be dramatically enhanced when the IL-

film thickness was tailored down to nanoscale. To understand

it, the CO2 absorption in P25-[APMIm]Br at 358C was chosen

as an example for further analysis in this section. Figure 3

shows the chemical-potential-based mass-transfer coefficient

kl of CO2 in P25-[APMIm]Br with different IL-film thickness

at 358C. The value of kl increases with decreasing IL-film

thickness. When the IL-film thickness is in microscale (Region

3), the increasing rate of kl is the same as the decreasing rate

of IL-film thickness. For example, when the IL-film thickness

decreases from 1640 nm to 63.6 nm (26 times), kl increases

28 times. In Regions 2 and 1, the film thickness is in nano-

scale, the increasing rate of kl is much faster than the decreas-

ing rate of IL-film thickness, and a slight decrease of IL-film

thickness leads to a remarkable increase of kl. For example,

when the film thickness deceases from 63.6 nm to 25.5 nm (2

times), kl increases 14 times.
The CO2 chemical-potential-based mass-transfer coefficient

kl represents the overall resistance (1/kl) for CO2 absorption

in IL immobilized sorbents. Based on the diffusion-reaction

model, this overall resistance is the summation of the resistan-

ces from the reaction and diffusion layers. Generally, the

resistance from the reaction layer depends on the temperature,

while the resistance from the diffusion layer depends on the

IL-film thickness. The effect of the IL-film thickness (h) on

the overall resistance (1/kl) for the CO2 absorption in P25-

[APMIm]Br at 358C is illustrated in Figure 4, which shows

that the overall resistance (1/kl) decreases with decreasing IL-

film thickness and approaches a constant when the film thick-

ness decreases down to nanoscale. This observation implies

that kl,s is the main factor to control the CO2 mass transfer

when the IL-film thickness is very thin. Assuming that the

contribution of 1/kl,d to 1/kl can be neglected compared to 1/

kl,s for the very thin film, kl,s was obtained based on the

results illustrated in Figure 4 with the value of 0.358, that is,

kl,s 5 1/2.79 5 0.358.
It is worth mentioning that for the loading of 55.9 wt % and

pure [APMIm]Br (Region 3), the mass-transfer rate was very

low, and the contribution of the resistance from the reaction

layer to the overall resistance was very small. To obtain more

reliable results for the resistance of reaction layer, the experi-

mental results with the loading of 55.9 wt % and pure

[APMIm]Br were excluded in data processing in Figure 4.
Assuming the temperature-dependent kl,s is independent of

IL-film thickness, the resistance from the diffusion layer with

different thickness can be obtained based on Eq. 5 with the

value of kl (absorption) listed in Table 3 and kl,s 5 0.358. The

Table 4. Apparent Chemical-Potential-Based Mass-Transfer

Coefficient kl for CO2 in P25-[BMIm]Ac at 508C and the

Corresponding IL-Film Thickness
21

Loading
(wt %)

kl

Absorption
kl

Desorption

Film
Thickness21

(nm)

Scale of
Film

Thickness

10.0 0.113 2.48 3 1022 2.9 �10 nm
..........................................

19.0 6.51 3 1022 2.17 3 1022 8.9
........................................................................................................................

28.5 6.60 3 1022 2.57 3 1022 36.7 �100 nm
38.2 5.06 3 1022 2.73 3 1022 97.5

........................................................................................................................
58.1 1.87 3 1023 1.71 3 1023 2.81 3 103 �2 lm

Table 5. Apparent Chemical-Potential-Based Mass-Transfer

Coefficient kl for CO2 in PMMA-[EMIM][Arg] at 408C

Loading (wt %) kl, Absorption

20 0.414
40 0.185

........................................................................................................................
60 7.63 3 1022

........................................................................................................................
100 5.47 3 1024

Figure 3. CO2 chemical-potential-based mass-transfer
coefficient kl in P25-[APMIm]Br with different
IL-film thickness at 358C.

Figure 4. Resistance of CO2 mass transfer in P25-
[APMIm]Br with different IL-film thickness at
358C.
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contributions of the resistances from the reaction and diffusion

layers to the overall resistance of the CO2 absorption in P25-

[APMIm]Br at 358C were further calculated as listed in Table

6. As it can be seen, the process was switched from the diffu-

sion control to surface-reaction control, and the decrease of

IL-film thickness down to nanoscale resulted in a dramatic

decrease of the overall resistance due to the dramatic decrease

of the resistance from the diffusion layer. For example, when

the IL-film thickness is 2.5 lm, the overall resistance is 3086,

and the resistance from the diffusion layer (1/kl,d) contributes

99.9% to the overall; while the diffusion layer contributes

only 11.4 % (10 times lower) when the IL-film thickness

decreases down to 17.5 nm, and the overall resistance

decreases down to 3.14. This further explains the rate enhance-

ment for the process with a nanoscale IL-film.

Extension to SILMs

SILMs have showed great potential in CO2 separation because

of the high contact surface area, the low amount of IL required,

and the enhanced mass-transfer rate.10–14 As mentioned previ-

ously that the IL-film thicknesses in SILMs are mostly in micro-

meter.12 Based on the results obtained in this work, the

performance of SILMs can be further improved by decreasing

the thickness of IL-film. The results also showed that the high

mass-transfer rate of CO2 can be achieved with the IL-film in

nanoscale, but what is the CO2 flux and the corresponding equip-

ment size if the IL-film goes down to nanoscale for SILMs?
To address the above questions, an estimation of the CO2

flux in the SILM with [BMIm]Ac was conducted because of

the available experimental CO2 solubility in [BMIm]Ac. The

estimation of the CO2 mass-transfer rate in the SILMs was

based on the following assumptions:
1. The transport through the SILMs followed the dissolu-

tion/diffusion mechanism;19,35

2. The effect of the pressure on the apparent chemical-

potential-based mass-transfer coefficient kl was negligible.
Therefore, for the SILM with [BMIm]Ac, the apparent

chemical-potential-based mass-transfer coefficient was set to

be that of CO2 absorption in P25-[BMIm]Ac as listed in Table

4. The partial pressures of CO2 on the feed and permeate sides

were set to be 1 (pf) and 0.5 bar (pp), respectively. The opera-

tional temperature was set to be 508C. Assuming that the chemi-

cal potential gradient was the driving force across the

membrane,36,37 the flux can be calculated based on Eqs. 8 and 3b

JCO2
5kl � ð

lCO2;f

RT
2

lCO2;p

RT
Þ (8)

where lCO2;f and lCO2;p are the chemical potentials of CO2 in

IL on the feed and permeate sides, respectively.
The results listed in Table 7 show that the CO2 mass-transfer

rate is enhanced by 100 times when the thickness of IL mem-

brane is decreased from microscale to nanoscale, that is, the

process is changed from diffusion-control to reaction-control.

The quantitative estimation and analysis in this work reveal

that the decrease of IL membrane thickness is of great potential

in enhancing the mass-transfer rate of CO2 in IL membranes.
The equipment size and the amount of IL needed in SILM

were further estimated and compared with the amine scrub-

bing process constructed at Huaneng Beijing power plant.39,40

For the chosen amine scrubbing process, 20 % MEA solution

was used as the absorbent and the CO2 recovery capacity was

0.5 ton/h. The process consisted of a chemical-absorption-

based absorber (inner diameter 5 1.2 m, height 5 31 m) and a

stripper (inner diameter 5 1 m, height 5 30 m) for the solvent

regeneration. Both the absorber and the stripper had two 7.5

m-high packing levels.
Using SILMs with the same CO2 recovery capacity, the

membrane area and the amount of ILs were estimated as listed

in Table 8. The estimation shows that only thousands of hol-

low fiber (HF) membrane tubes and a small amount of IL

(about 0.03 mL) are needed when the thickness of IL mem-

brane is in nanoscale. Compared to the large equipment and

plenty amount of amine required in the scrubbing process, the

SILMs with IL-film thickness in nanoscale obviously have

great potential in reducing the CO2 separation cost.
Furthermore, this quantitative investigation shows again

that the decrease of the membrane thickness is of great poten-

tial in reducing the investment cost on equipment and materi-

als. Therefore, by tailoring the IL-film thickness from

microscale to nanoscale and then altering the process from

diffusion-control to reaction-control, the low mass-transfer

rate of CO2 and the high price of IL can be potentially over-

come. This gives a promising future in reducing the invest-

ment cost on equipment and materials (IL) and sheds light on

solving the two pending crucial problems in CO2 separation

with IL-based technologies. Further work on the fabrication of

nanoscale membrane and its application in CO2 separation are

on-going in our research group.

Conclusions

In this work, the CO2 absorption/desorption in IL immobi-

lized sorbents was studied theoretically. The results showed

Table 6. Resistances for the CO2 Mass Transfer in

P25-[APMIm]Br at 358C

Film Thickness
(nm)

Overall
Resistance

Diffusion
Resistance (%)

Reaction
Resistance (%)

17.5 3.14 11.4 88.6
25.5 3.27 14.7 85.3
54.5 23.92 88.4 11.6
63.6 44.64 93.8 6.2
1640 1272.27 99.8 0.2
2,500,000 3086.42 99.9 0.1

Table 7. CO2 Mass-Transfer Rate in Supported [BMIm]Ac

IL Membranes

Membrane Thickness (nm) �3000 �100 �10 a12,250

CO2 mass-transfer rate (kg/(m2 h)) 3.87 105 135 0.01

aThis data was obtained from Ref. 38 with [emim][Ac] supported on Al2O3/
TiO2.

Table 8. Membrane Area and Amount of IL Needed for

SILM with [BMIm]Ac at 508C with a 0.5 ton/h CO2 Recov-

ery Capacity

Thickness of IL (nm) �3000 �100 �10

Mass-transfer rate of CO2

(kg/m2/h)
3.87 105 135

Volume of IL needed (L) 0.364 4.65 3 1024 3.29 3 1025

aMembrane needed (m2) 323 11.9 9.28
bAmount of HF membrane

tubes needed
68,500 2530 1970

aThe effective area of IL on membrane was assumed as 40% in this
calculation.
bSize of single HF membrane tube: inner diameter 5 2 mm, outer
diameter 5 3 mm, height 5 0.5 m.
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that the apparent chemical-potential-based mass-transfer coef-

ficient of the whole CO2 absorption/desorption process in IL

immobilized sorbents was in three distinct regions with 1000-

time difference in magnitude depending on IL-film thickness

on supports from microscale, 100 nm-scale to 10 nm-scale.

The analysis based on the diffusion-reaction theory revealed

the inherent mechanism for the rate enhancement, that is,

these three distinct regions of the CO2 mass-transfer rate

correspond to diffusion-control and reaction-control proc-

esses with IL-film thicknesses in microscale, 100 nm-scale

and 10 nm-scale, respectively. The extension to SILMs

showed that a dramatic improvement of CO2 flux can be

achieved theoretically for membranes with nanoscale IL-

films, and the equipment size and materials (IL) needed

can be dramatically reduced. This gives a promising future

in reducing the investment cost on equipment and materials

(IL) and sheds light on solving the two pending crucial

problems in CO2 separation with IL-based technologies.

Although the types of ILs investigated in this work are

limited, the mechanism revealed has ubiquity to other ILs.

The theoretical work can be extended to other gases, which

will be the focus of our future work.
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